Adult stem cells commonly give rise to transit-amplifying progenitors, whose progeny differentiate into 14 distinct cell types. Signals within the stem cell niche maintain the undifferentiated state. However it is 15 unclear whether or how niche signals might also coordinate fate decisions within the progenitor pool. 16
Introduction 25
Adult stem cells are important for tissue homeostasis and regeneration due to their ability to both self-26 renew and generate multiple types of differentiated daughters. Adult stem cells are located in a niche 27 that provides the proper microenvironment to maintain "stemness" 1, 2 . The progeny of stem cells that 28 move away from the niche generally go through a precursor cell (or progenitor cell, transit amplifying 29 cell) stage before they differentiate 3, 4 . However, it is unclear whether the precursor state is simply a loss 30 of stemness due to displacement from niche signals, or whether secreted niche factors might act as 31 morphogens that establish distinct cell fates at different concentrations and distances from the niche. 32
33
The Drosophila ovary is an appealing model for studying adult stem cells 5 . Each ovary contains 16-20 34 ovarioles, which are chains of egg chambers in increasing stages of maturity 6 . The anatomy thus 35 displays the temporal sequence of ongoing developmental events (Fig. 1a) . Development begins in the 36 germarium, which is located at the anterior tip of the ovariole. The anterior half of the germarium, 37 region 1, contains germline stem cells and their progeny, which continue dividing to produce 16-cell 38 cysts. Somatic escort cells surround the developing cysts as they progress to region 2a. The FSCs are 39 located at the region 2a/2b boundary 7 , where germ cysts exchange their escort cell covering for the FSC 40 daughters. The posterior half of the germarium contains flattened cysts in region 2b, followed by 41 rounded region 3 cysts. Follicle precursor cells associate with region 2b and region 3 cysts, and their 42 progeny adopt distinct polar, stalk, and main body cell fates, which serve different functions in normal 43 egg chamber development. However the molecular mechanisms that govern these earliest cell fate 44 decisions are unknown and most precursors in region 2b and region 3 do not yet express mature cell fate 45 markers [8] [9] [10] . 46 47 Several signalling pathways have been implicated in regulating follicle precursor cell fate 48 specification and differentiation. Notch signalling is required for polar cell specification 9 and is 49 present in mature polar cells at high levels in stage 1 11 . Earlier Notch activity at the region 2a/2b 50 boundary is required for the migration of one FSC daughter laterally across the germarium, while 51 other daughters move posteriorly 8 . However, Notch activity does not seem to be sufficient to 52 induce ectopic polar cells in the main body region 10 , raising the question whether additional 53 factors are required for polar cell specification. Follicle stem and precursor cells receive signals 54 secreted from the niche escort cells, in addition to germline Delta, which activates the Notch 55 receptor on follicle cells. Niche factors including Wnt, Hh, epidermal growth factor, and bone 56 morphogenetic protein, which are crucial in many adult stem cell niches, are important for FSC 57 maintenance [12] [13] [14] [15] [16] [17] [18] . Hyper-activation of Wnt or Hh signalling causes defects in follicle cell 58 differentiation 12, 19 , but the origin of these phenotypes is not understood and it remains unclear 59 whether these niche signals normally regulate progenitor cell fate or differentiation. 60
61
In a forward genetic screen for mutations that disrupt cell fates in the ovary, we identified a mutant 62 allele of Axin (Axn), a negative regulator in the Wnt pathway. Superficially, the phenotype resembled 63 that caused by mutations in patched (ptc) or costal (cos), two negative regulators of Hh signalling. 64
However, we traced both defects back to the earliest steps of follicle cell specification. We developed 65 quantitative analyses of the differentiation markers, Eya and Cas, as well as Wnt, Hh and Notch 66 signalling reporters to reveal distinct roles of these three pathways. We found that a Wnt signal from the 67 FSC niche maintains proximally located progenitor cells in a multipotent state by suppressing the cell 68 fate determinant Eya, whereas a graded Hh signal delays differentiation of all follicle cell types. Notch 69 coordinates with Wnt and Hh in both space and time to specify polar cells. The combination of these 70 three signals produces appropriate spatial patterning of cell types and temporal patterning of 71
differentiation. 72 73
Results 74
Distinct effects of Wnt and Hh hyper-activation on follicle cell differentiation 75
At stage 8 of oogenesis, anterior polar cells specify neighbouring epithelial follicle cells as motile border 76 cells, and together they migrate as a cluster during stage 9 (Fig. 1a) . In a forward genetic screen of EMS-77 induced mutations that cause border cell defects in mosaic clones 20 , we identified a line that produced 78 abnormally large border cell clusters. Compared to control clusters, which are usually composed of 5-7 79 migratory cells surrounding two polar cells, clusters containing mutant cells showed as many as 6-12 80 polar cells and 14-35 total cells per cluster (Fig. 1b-d) . The phenotype was autonomous to the polar 81 cells, as supernumerary polar cells and over-sized border cell clusters were only observed when polar 82 cells were homozygous for the mutation (Fig. 1d) . The supernumerary polar cell phenotype resembled 83 those previously reported for eya 21 , cos 22 , and ptc ( Fig. 1e ; 19 ). We mapped the new mutation to 84 genomic location 99D3 ( Supplementary Fig. 1a-b) , which contains the Axn gene. Axn allele S044230 85 produced a similar phenotype ( Supplementary Fig. 2 ) and failed to complement the new mutation for 86 lethality. We therefore named the new allele Axn 1511 . This supernumerary polar cell phenotype was 87 somewhat surprising as it had not previously been reported for the Axn gene. 88
89
In addition to supernumerary polar cells, Axn -and ptc -clones showed abnormal stalks, consistent with 90 previous reports 12, 23 . Polar and stalk cell specification occurs early in the germarium, and these cells 91 stop dividing soon after they exit the germarium 7, 24 (Fig. 2a) . To be comprehensive, we performed 95 3D reconstructions of ovarioles and quantified the levels of both Eya and Cas in every somatic cell (Fig.  96 2b; Supplementary Fig. 3 ). We found barely detectable levels of either protein in regions 1 and 2a escort 97 cells. Low but increasing levels of both Eya and Cas were present in FSCs and their immediate 98 daughters in region 2b
A and 2b P . Eya and Cas show differential expression in region 3/stage 1, such that 99 some cells expressed higher levels of one or the other (indicated by divergence from the diagonal in the 100 graphs in Fig. 2b ). As development proceeded through stages 1-4, the levels of Eya and Cas diverged 101 more and more. By stage 4, Eya and Cas became completely distinct markers for main body (Eya + Cas -) 102 versus polar/stalk (Eya -Cas + ) fates (Fig. 2a-b) . Thus, Eya and Cas are excellent markers for studying the 103 earliest cell fate diversification in the ovary. 104
To examine the differentiation defect caused by hyperactive Wnt or Hh signalling, we made FSC clones 105 and stained them for Eya and Cas ( Fig. 2c-d patterns. We used frizzled 3 (fz3)-RFP 31,32 , which is a reporter for Wnt signalling activity, in order to 120 assess the pattern of Wnt pathway activation. fz3-RFP was highly expressed in region 1-2a and showed 121 a graded pattern in region 2b (Fig. 3a-b) . The fz3-RFP signal was reduced in armRNAi expressing clonesand increased in Axn -clones, demonstrating that it is indeed responsive to Wnt signalling ( Fig. 3c-d ; 123 Supplementary Fig. 4a ). ptc-GFP is a reporter for Hh signalling 18 and shows a pattern similar to fz3-124 RFP (Fig. 3e-f) , though the gradient appears to extend more posteriorly. The ptc-GFP signal was 125 reduced when knocking down smoothened (smo), a positive regulator in the Hh pathway ( Fig. 3g-h ; 126 Supplementary Fig. 4b ). Unexpectedly, cosRNAi also caused a reduction of ptc-GFP signal in region 2b 127
( Fig. 3g-h; Supplementary Fig. 4c ), while in later stages the signal increased as expected for loss of a 128 negative regulator ( Supplementary Fig. 5 ). To decipher the relationship between Wnt and Hh signalling 129 in the germarium, we examined the pattern of fz3-RFP in smo -or ptc -clones and the pattern of ptc-GFP 130 in dishevelled (dsh, a positive regulator in the Wnt pathway) or Axn mutant clones. Changing Hh 131 signalling had no detectable effect on the Wnt activity pattern in region 2b ( Fig. 3c-d) , nor did changing 132
Wnt signalling influence Hh activity ( Fig. 3g-h ). Thus, Wnt and Hh appear to function independently in 133 the ovary. 134
135

Wnt signalling inhibits expression of the main body fate determinant Eya 136
Axn
-FSC clones frequently gave rise exclusively to Cas + cells (Fig. 4a-b) . Axn -clones appear in the 137 normal polar/stalk region, or as small clones in the main body region forming ectopic polar and stalk 138 cells, or as large clones that form a continuous stalk with a single polar cell cluster, causing the egg 139 chamber to appear to bud from the side. Clones generated at a later stage, however, did not show this 140 cell fate bias (Supplementary Fig. 6 During early stages of oogenesis, apoptosis was common in polar and stalk cells but rare in main body 146 cells (Fig. 4c) . Axn -clones in region 3-stage 2 main body regions did not show a detectable increase in 147 apoptosis (Fig. 4c) . The mitotic marker EdU was not detected in control stalk regions after stage 2, but 148 was detected in Axn -Cas + cells (Fig. 4d) , suggesting that these polar/stalk-like cells proliferate more. 149 Strikingly, we found a decrease of Eya and increase of Cas in the main body region in Axn -cells as early 150 as region 3, suggesting a shift in cell fate (Fig. 4e-f) . Such small clones in the main body region likely 151 gave rise to ectopic Eya -Cas + clones observed in stage 4 egg chambers, whereas large main body region 152 clones likely developed into continuous stalks with a single polar cell cluster, causing the egg chamber 153 to appear to bud from the side (Fig. 4a) . 154
To understand how Wnt signalling affects follicle precursor cell differentiation, we quantified the 155 change in Eya and Cas levels in the germarium region 2b. Eya was significantly reduced in the Axn -156 clones (Fig. 4g) . Conversely, dsh -cells showed significantly increased Eya in region 2b ( Fig. 4g) , 157
suggesting that Wnt signalling normally functions to inhibit Eya expression. Reducing Wnt signalling by 158 expressing armRNAi in the Axn -clone also resulted in increase of Eya, relative to control. Cas was also 159 reduced in Axn -cells in region 2b, but to a lesser degree than Eya, which was also observed upon eya 160 knockdown in this region (Fig. 4g) cells, but peaked in a subset of cap cells, in region 2a/2b boundary cells, and in polar cells (Fig. 5a-176 b). This is consistent with the roles of Notch in the germline stem cell niche 34, 35 , cross-migration 177 of FSC daughters 8 , and polar cell specification 9,36 . Axn -clones showed high Notch activity in polar 178 cells both at normal and ectopic locations that were directly contacting germline, suggesting that a 179 high Wnt signalling predisposes cells to specification as polar cells by Notch (Fig. 5c) . 180
To assess the effect of Notch signalling on follicle precursor development in the germarium, we 181 quantified the Eya and Cas levels in NotchRNAi FSC clones. Reduction of Notch decreased Cas and 182 increased Eya in region 2b as well as the proximal region of stage 1 ( Fig. 5d; Supplementary Fig.  183 8). This is in agreement with the role of Notch in polar cell specification and indeed, we observed 184 high frequency of fused egg chambers when the clone covered the anterior polar cell region. 185 Therefore, Wnt enables polar and stalk fates primarily by suppressing premature Eya expression, 186
whereas Notch promotes polar cell specification and affects both Cas and Eya. 187
188
Hh signalling controls the timing of proliferation versus differentiation 189
Hyperactive Hh signalling delayed differentiation as shown by the expression pattern of Eya and Cas in 190 stage 4 and later (Fig. 2b,d,f; Supplementary Fig. 9a ), as well as expression of the stalk cell marker 191 lamin C ( Fig. 6a; 12 ) and the polar cell marker NRE-GFP ( Supplementary Fig. 9b ), consistent with 192 earlier reports using different markers 19, 30 . How does delayed differentiation change the pattern of 193 follicle cell fates and cause both excess ( Fig. 1e; Fig. 6a ) and ectopic ( Fig. 2d; Supplementary Fig. 9a ; 194 30,37 ) polar/stalk-like cells? 195
We first analysed the long stalk phenotype. The supernumerary stalk cell phenotype appeared most 196 obvious when the majority of follicle cells associated with an egg chamber were mutant. In contrast to 197 control stalks that contained a stable number of stalk cells ranging from 6-13, ptc -stalks contained an 198 average of 21 cells at stage 2, and continued to increase in number over time (Fig. 6a-b) . Another feature 199 of stalk cell maturation is that they normally become physically separated from the polar cells (Fig. 6a,  200 arrowhead), even though stalk cells initially form in the polar region (Fig. 6a, arrow) . In contrast, ptc -201 stalk cells remained associated with the poles, and with Cas + or lamin C + positive cells on the main body 202 follicle layer (Fig. 6a, arrow) . Mature stalk cells with high Cas were normally not proliferative, and thus 203
were EdU-negative after stage 2 (Fig. 6c ). In ovarioles with ptc -clones in regions where stalk was still 204 connected to polar and/or main body cells, Eya and Cas continued to be co-expressed (Fig. 6d) , 205 suggesting that they are multipotent precursors. These cells were EdU positive (Fig. 6c) . Therefore, we 206
conclude that excessive stalk cell production in ptc -is due to persistence of precursor cells that 207 contribute cells to the enlarging stalk. 208
We then asked how supernumerary polar cells form in response to Hh hyper-activation. Typically 3-6 209 polar cells form and all but two are eliminated by apoptosis 38 , a process that requires JAK/STAT 210 signalling 39 . We observed a reduction of JAK/STAT activation in mutant polar cell regions (Fig. 6e) , 211 likely caused by the differentiation delay, which also delayed Upd production. There was also reduced 212 apoptosis in the polar cells (Fig. 6f) . Therefore, the excess polar cells appeared to result from delayed 213 differentiation, which also postponed apoptosis. 214
Furthermore, some ptc -cells in the main body region adopted a polar or stalk cell fate as they matured 215 ( Supplementary Fig. 6a Cas in the germarium, we observed significantly higher Cas expression in smo -cells in region 2b (Fig.  222 6g). We also observed premature differentiation of polar cells using NRE-RFP (Fig. 6h) , which was 223 never seen in controls at the same stage. The smo -clone size was significantly smaller than ptc -or 224 control, suggesting premature termination of proliferation (Fig. 6i) . 225
226
Wnt and Hh double mutants show additive effects on egg chamber patterning 227
Since Wnt and Hh show independent activities and have distinct functions in follicle precursor cell 228 differentiation, we hypothesized that combined loss of Wnt and Hh activity should show a more extreme 229 egg chamber formation phenotype than either alone. We used C306-Gal4 to drive smo and dsh RNAi in 230 the follicle precursor cells ( Supplementary Fig. 10a ). Indeed, we observed an increase in the frequency 231 of egg chamber fusions to 80% in double RNAi knockdowns compared to 30-40% for the single 232 knockdowns ( When adult tissue stem cells divide asymmetrically to self-renew and produce a daughter cell that 243 commonly becomes a transit amplifying precursor, one possibility is that the stem cell retains its 244 character by virtue of its association and proximity to niche signals whereas the transient amplifyingprecursor acquires its properties due to displacement from the niche. Here we use the Drosophila ovary 246 model to address the roles of secreted niche factors in diversification of precursor cell fates as they leave 247 the niche. We found that Wnt and Hh act as morphogens that not only maintain FSC at a high 248 concentration, but also provide critical instructions for the development of the transit amplifying follicle 249 precursor population at a lower concentration. The distinct shapes of the gradients of these niche signals 250 serve important functions. A key finding is that Wnt signals maintain multipotency in a subset of 251 precursors that maintain closer proximity to the niche, whereas reduced Wnt signalling activates Eya 252 expression in precursors displaced further from the niche and this restricts them to the main body cell 253
fate. 254
Earlier studies reported egg chamber formation defects due to reducing the Wnt or Hh ligand levels Eya, a key main body fate determinant 21 , and reduction of Wnt by C306-Gal4 driven dshRNAi in large 267 numbers of precursor cells caused egg chamber fusing, a phenotype also seen when driving UAS-eya by 268
C306-Gal4
25 . Second, reduction of Hh activity by smo -resulted in increased levels of Cas in region 2b, 269 indicative of premature differentiation. However, the Eya level did not increase in region 2b, which islikely because of inhibition of Eya by Wnt in this region. Third, reduction of Notch activity shifted the 271 balance between Eya and Cas in region 2b. 272
Our results suggest an integrated model for how Wnt and Hh stem cell niche signals act in coordination 273
with the differentiation factor Notch to establish the initial asymmetry and specify cell fates during 274 follicle precursor cell differentiation in the germarium (Fig. 7d) We show that hyper-activation of Wnt signalling biases follicle cells to polar and stalk cell fates, both of 280 which lack Eya and express high levels of Cas. A simple interpretation of these results might suggest 281 that the follicle precursor cells that retain higher Wnt signalling adopt a polar/stalk precursor fate 282 whereas the ones further displaced from the niche with disinhibited Eya adopt the main body precursor 283 fate. However there are clear data demonstrating that there is no dedicated polar/stalk precursor 8 , while 284 the same clonal analyses are perfectly consistent with the existence of a dedicated main body precursor 285 cell. Therefore we propose that the steep gradient of Wnt in region 2b results in progenitor cells with 286 different levels of Wnt signalling. The progenitor cells that are displaced from the niche, the posterior 287 daughter of the FSC, escape Wnt signalling and therefore express Eya and adopt a dedicated main body 288 precursor fate. The progenitors that remain closer to the niche, the cross migrating cell and its daughter, 289 receive more Wnt ligand 16, 17 and thus maintain a pluripotent state that is permissive for polar and stalk 290 fates but not irreversibly committed to those fates. Both the absolute and relative levels of Eya and Cas 291 are likely to be important for the final fate. 292
The Hh gradient in the germarium provides important temporal information to be coupled with the 293 spatial information as developing cysts move posteriorly and away from the FSC niche. In the absence 294 of proper coordination of differentiation and fate, cells can acquire random fates, as observed in stage 4ptc or cos mutant clones for example (Fig. 2d, f) . These cells lack the spatial patterning normally 296 provided by Wnt signalling by the time they differentiate. When Wnt and Hh signalling are co-activated, 297 most of the cells adopt polar/stalk-like fate (Fig. 7c) . 298
Notch specifies polar cells through two actions in the germarium. First, Notch activity affects expression 299 of Eya and Cas in region 2b, likely indirectly by promoting the cross migration of FSC daughters 8 so 300 the precursor cells remain in high Wnt for longer. As a result, cells with reduced Notch activity in region 301 2b preferentially undergo posterior rather than lateral migration, and therefore escape from Wnt sooner 302 and express higher Eya. Meanwhile, the reduction of Cas in Notch mutant cells is likely because they 303 differentiate slower and therefore escape from Hh later, similar to the Notch and Hh antagonism 304 described in the mitosis to endocycle switch 42 . Second, relatively higher Notch activity due to germline 305 contact 43 and fringe expression 44 specify polar cells from the Eya low multipotent precursor cell pool. 306
Although essential for polar cell specification, hyper-activation of Notch does not seem sufficient for 307 polar cell formation since excess polar cells only form in the two poles rather than on the main body 308 region 10 , This implies that additional spatial information is required besides Notch activity for polar cell 309 formation. Here we found that spatial information to be a short-range Wnt signalling. Notch activity 310 coordinates with Wnt to specify polar cells. 311
Wnt, Hh and Notch are common players in many adult stem cell systems including the skin, gut, and 312 blood [45] [46] [47] , which all possess a transit-amplifying progenitor pool close to the stem cell niche. Our 313 finding of the distinct functions of Wnt, Hh, and Notch in precursor cell fate specification provides an 314 integrated model for how multiple signalling inputs establish the initial asymmetry in cell fates. The 315 additive effect of hyper-activation of multiple signalling pathways that we observed may have 316 implications in cancer stem cell and its targeted treatment 48 . 317 318
Methods 319
Fly strains used in this study are listed in Supplementary experiments, adult female flies were transferred to 29 °C for 7-10 days after eclosion. Egg chamber 324 stage was determined based on germ cell nucleus diameter listed in Supplementary Table 3 . 325
326
Mosaic clones were generated using the FLP/FRT system. 8-9 newly eclosed adult female flies (1-2 327 days old) along with 8 males were collected in a vial with wet yeast paste (dry yeast and water 1:1.5) 328
and dry yeast and kept at 25 °C. Flies were flipped without CO2 to a fresh vial daily until dissection, and 329 heat shocked 2 days after collection. Males were added if less than 3 were present to ensure optimal 330 ovary development. For making FSC clones up to stage 5, flies were heat shocked twice for 1 hour, 331 about 4 hours apart, in a 37 °C water bath, and then were kept at 25 °C for 5-7 days before dissection. 332
For RNAi knockdown experiments, flies were transferred to 29 °C after heat shock (except for eyaRNAi 333 and armRNAi, which were kept at 25 °C). For making FSC clones up to stage 8, flies were kept for 6-8 334 days before dissection. For border cell clones in Fig. 1d , flies were heat shocked once for 30 minutes 335 and kept for 4-5 days before dissection. For MARCM clones, we observed some leaky GFP expression 336 in follicle cells in stage 6 and later, likely due to actinGal4 being too strong in stage 6 and later such that 337 tubGal80 was not able to suppress all Gal4 activities. Therefore, we only analysed MARCM clones 338 before stage 6. 339 340
Immunostaining and EdU incorporation 341
Adult female ovaries were dissected in Schneider's Drosophila medium (Thermo Fisher Scientific, 342
Waltham, MA) with 20% fetal bovine serum and transferred to a 0.6 ml microfuge tube with 100 μl 343 dissection medium. Ovaries were dissociated by pipetting up and down approximately 50 times using a 344 49 , but we found it more efficient than pulling ovarioles out of the muscle sheath using forceps, which 346 causes more damage to the germarium or younger egg chambers. Ovarioles were immediately fixed for 347 20 minutes in 4% paraformaldehyde at 4 °C. After fixation, ovarioles were washed with PBS/0.4% 348 Triton X-100 (PBST), and then incubated with primary antibodies overnight at 4 °C. The following day, 349 ovarioles were washed with PBST before incubation in secondary antibody for 1.5-2 hours. After 350 removal of secondary antibodies, samples were stained with Hoechst for 20 minutes. Samples were 351 washed in PBST before sorting in PBST. Sorting was conducted by using forceps under a dissection 352 microscope to remove mature eggs and clustered ovarioles from a given sample for optimal mounting. 353
Without sorting, mature eggs make it difficult to compress the sample, the germaria can be tilted, For 5-ethynyl-2'-deoxyuridine (EdU) incorporation, adult female ovaries were dissected in Schneider's 368
Drosophila medium with 20% fetal bovine serum and transferred to a microfuge tube with the dissection 369 medium plus 40 μM EdU, and kept at room temperature on a shaker for 1 hour. Ovarioles were thendissociated, fixed, and stained with primary and secondary antibodies as described above. Before 371 staining with Hoechst, an EdU detection reaction was performed according to the manufacturer's 372 manual (Thermo Fisher Scientific). 373 374
Imaging and image processing 375
Due to the spherical organization of the egg chambers, few follicle cells have their nuclei located on the 376 same imaging focal plane. Therefore, we imaged the egg chambers in full Z stacks. Samples were 377 mounted on a glass slide in VECTASHIELD (25 μl for early stage ovarioles, or 65 μl for stage 9/10) 378 using a 22 mm X 40 mm cover glass, to ensure that the germarium was mounted flat, but not 379 compressed, and that later stages were compressed to a consistent degree. All images were taken on a 380
Zeiss LSM780 confocal microscope, using a 40x 1.4 N.A. oil objective. Z stacks covering the entire 381 germaria or ovarioles were taken with a 0.43 μm step size for germarium and ovarioles, or a 1 μm step 382 size for border cell clusters. XY resolution is 0.14 μm for germaria, or 0.35 μm for ovarioles. Laser 383 power corrections were applied by increasing the laser power as the objective scans from the top of the 384 sample to the bottom of the sample, so that the signal on the bottom did not appear weaker than the top. 385 3D images were visualized in Imaris (Bitplane, South Windsor, CT), and annotated in Excel (Microsoft, 386
Redmond, WA), to categorize the developmental stage, sample condition, mounting condition, imaging 387 condition, clone location, and result interpretation. Developmental stage was determined as described 388 above. Sample condition includes whether they were damaged, or still tightly packed in muscle sheath. 389 Severely damaged egg chambers had an incomplete follicle epithelium and leaky germ cells, or large 390 patches of follicle cells without nuclear stain. Mild damage caused a small patch of follicle cells to show 391 condensed Hoechst staining, and diffused or reduced nuclei Eya, Cas, or ubi-GFP/RFPnls signal 49 . 392
Samples with severe damage were not analysed, and the damaged cells in a sample with mild damage 393
were not included in the analysis. We preferred to analyse samples out of the muscle sheath, because 394 their morphology was not affected by squeezing from neighbouring egg chambers. Samples tightlypacked in muscle sheath were not used for intensity measurement because it was difficult to perform 396 laser power correction. Mounting condition denotes if the sample was too compressed or too tilted. If the 397 germarium was too compressed, the germline cysts were squeezed and it was difficult to perform 3D 398 rotation as described below. If too tilted, laser correction became difficult. Imaging condition marks 399 whether the image was taken with proper laser power correction. This was estimated by comparing the 400 signal intensity of the top, middle, and bottom of the sample visually, and was quantified as described 401 below. Clone location and result interpretation were listed to help summarize the results, draw 402 conclusions based on the phenotype seen across multiple ovarioles, and select representative images for 403
presentation. 404
Representative images were exported from Imaris using either Easy 3D view or slice view. Since 405 different follicle cell nuclei were located on different focal planes, 2-5 μm Z stacks were used to show 406 single follicle cell layers, while 12-25 μm Z stacks were used to show one half of the egg chambers. 407
Exported images were rotated and cropped in Photoshop (Adobe, San Jose, CA). Single channel images 408 were converted from a black background to a white background using Invert LUT function in Fiji 51 . 409
410
3D quantification 411
Image segmentation was performed using Imaris. First, samples were rotated using the Free Rotate 412 function. Egg chambers were rotated so the polar cells aligned horizontally, with the anterior to the left. 413
Germaria were rotated in two steps. The first step positioned region 2b cysts vertically in the Z-direction 414 by placing an Oblique Slicer in the mid-sagittal section of the germaria, and performing free rotation to 415 the orthogonal view of the oblique slicer. The second step rotated the germaria anterior to the left to 416 place region 2b cysts vertically in XY-direction. Second, follicle cell nuclei were detected using the 417 Spots function. For the germaria, a 2.5 μm diameter spot size was used for automatic spot detection in 418 the channel with follicle cell nuclei signals. Spots were then manually edited so that each follicle cell 419 was marked. Dividing, dying, or damaged cells showed clear signs, including condensed Hoechststaining and diffused, or reduced, nuclei Eya, Cas, or ubi-GFP/RFP signal, and were not quantified. The 421 2.5 μm spots were then used to create a masked channel, and automatic spots detection based on that 422 channel was applied to create 1.75 μm spots, so that only the center of the nuclei with a strong and even 423 signal was used for quantification. For egg chambers, a 3.46 μm diameter spot size was used for 424 automatic spot detection, followed by reduction to 1.75-2 μm. Third, background intensities were 425 estimated by placing 8-12 1.75-2 μm spots in two Z planes in same region as the measured follicle cells. 426
For Eya and Cas, background spots were placed in the germ cell cytoplasm, while for Wnt or Hh 427 reporters they were placed in the region 2b germ cell nuclei. Fourth, accuracy of laser power correction 428 was determined by selecting control cells at the top, middle, and bottom of the germarium or egg 429 chamber in the same region, and comparing their signal intensities. 430
Data for spot position and channel mean intensity were exported from Imaris, and processed using 431 MATLAB (MathWorks, Natick, MA) for background subtraction, comparison of top, middle, and 432 bottom intensity, and normalization, and plotted using Prism (GraphPad, La Jolla, CA). 433
434
Statistics 435
Statistics were performed using Prism. Unpaired t-test was used for comparing two groups, and 436
Ordinary one-way ANOVA, followed by Tukey's multiple comparisons test, was used for comparing 437 multiple groups. For box plots, the Tukey method was used for plotting whiskers and outliers. 438
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